suggest a high sensitivity of pVNS to the electrodes' position and depth, implying the need for precise electrode positioning. Validation of the model needs to be performed.
Introduction
Stimulation of the cervical vagus nerve by implanted stimulation devices gained importance as a treatment for therapy refractory epilepsy, major depression, and congestive heart failure [1, 2] . To cope with the associated risks, less invasive techniques were developed. Those include the percutaneous stimulation of the auricular branch of the vagus nerve (pVNS) [3, 4] . By using needle electrodes in targeted regions of the auricle [5] , one can easily access these nerve branches [6] . By this, a minimally invasive way of neuromodulative intervention is available. Current clinical applications include the treatment of chronic pain [7] or peripheral arterial disease (PAD) [8] .
Specific stimulation of afferent vagus nerve fibers can activate autonomous modulation [9] . Sympathetic and parasympathetic branches of the autonomic nervous system modulate heart rate, blood pressure, or vascular tone [10] . A favorable parasympathetic/vagal stimulation may thus downregulate vascular tone [11] , increase blood perfusion [8, 12] , and downregulate inflammation [13, 14] , all highly beneficial for instance in the treatment of PAD.
With a prevalence of 12-14% in the general population, PAD is a major health burden [15] . First clinical attempts using pVNS in patients suffering from PAD induced claudication showed remarkable effects and a significant prolongation of pain-free walking distance [8] . Effects seem to
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Objective Percutaneous stimulation of the auricular branch of the vagus nerve (pVNS) by miniaturized needle electrodes in the auricle gained importance as a treatment for acute and chronic pain. The objective is to establish a realistic numerical model of pVNS and investigate the effects of stimulation waveform, electrodes' depth, and electrodes' position on nerve excitation threshold and the percentage of stimulated nerves. Methods Simulations were performed with Sim4Life. An electrostatic solver and neural tissue models were combined for electromagnetic and neural simulation. The numerical model consisted of a realistic high-resolution model of a human ear, blood vessels, nerves, and three needle electrodes. Results A novel 3D ear model was established, including blood vessels and nerves. The electric field distribution was extracted and evaluated. Maximum sensitivity to needles' depth and displacement was evaluated to be 9.8 and 15.5% per 0.1 mm, respectively. Stimulation was most effective using biphasic compared to mono-phasic pulses. Conclusion The established model allows easy and quantitative evaluation of various stimulation setups, enabling optimization of pVNS in experimental settings. Results be superior to other possibilities of therapy using coordinated physical training or (expensive) vasoactive drugs.
Main shortcoming of current applications in pVNS is the unguided/empirical selection of both stimulation regions and parameters with unknown variation of therapeutic effect. However, high specificity of stimulation seems to be of huge importance due to the dense innervation of the auricle with nerve fibers of different origin [5] , which all may react differently to stimulation and can elicit opposite physiological reactions [16] .
Simulations of electromagnetic fields excited in human biological tissue by artificial neurostimulation exist in the literature. However, these studies are limited to the most common types of neurostimulation, e.g., for deep brain stimulation [17, 18] , spinal cord stimulation [19] , peripheral nerve stimulation [20] , and transcranial magnetic stimulation [21, 22] . These studies provide us with a better understanding of the electric potential and current distributions in the biological tissues surrounding the stimulation electrodes. Some studies assume a simplified neural network that distributes the axons uniformly around the stimulation electrode with one and the same direction for all axons, see, e.g., [23] . Using the potential distribution, it is then possible to calculate which axons are effectively stimulated. However, neural stimulation also heavily depends on the orientation of the externally applied electric field with respect to the orientation of the axon. Therefore, an improvement is to use the actual, often winding geometry of nerve axons in the simulation, as given in, e.g., [17, 24] .
The objective and novelty of this study are to establish, for the first time, a realistic model of the pVNS application and investigate the effect of the electrodes' depth and position, as well as the stimulation pattern on the excitation threshold in single and bundled axons. With this, the feasibility of the used model and tools for the given application is evaluated. In combination with future experimental and clinical evaluations, this should enable the development of simulation guided pVNS with better specificity and parameter selection.
Materials and methods

Simulation platform
Numerical simulations of pVNS were performed in Sim4Life [25] . We used the low-frequency solver for the electromagnetic (EM) simulation. The magnetic field is neglected, and the electric field is calculated only in the lossy domain (region where conductivity ≠0 S/m) covered by the default grid. The default grid provides a first gridding of the model that the user can optimize. The gridding was calculated using the stationary currents model of Sim4Life. The model was meshed approximately to 4.105 M cells. Boundary conditions are set using Neumann conditions with a constant flux equal to zero (the derivative of a solution is set to zero on the boundary of the domain) to simulate an infinite system. The boundary settings of the electrodes are set using Dirichlet conditions (value of the solution is set to a constant value on the boundary of the domain) with a constant potential. This leads to electric fields and current densities equal to zero outside the simulation domain. This model can be used in electro-quasistatic simulations when the ohmic current dominates the displacement current.
We performed all neuronal simulations using the neuronal tissue models from Sim4Life. The models (T-NEURO) enable the dynamic modeling of EM-induced neuronal activation and inhibition using either complex, multi-compartmental representations of axons, nerves as bundles of axons, and neuronal networks with varying channel dynamics, or generic models. The neuronal tissue models from Sim4Life were validated and used to investigate electromagnetic field interactions with nerves in complex tissue-structure environments [26, 27] .
Sim4Life uses the NEURON solver (Yale University, CT, USA) to simulate the effect of electromagnetic fields on neuronal dynamics. It offers the possibility to directly couple the results of EM simulations with the neuronal dynamics solver. The NEURON solver offers the possibility of an external modulating pulse a(t), which can be superimposed on the static current calculated from the current density sensed by the axon exposed to an EM filed.
We used the titration mechanism to calculate the minimum amplitude of the current pulse needed to depolarize the axons. Titration is the process of stimulating an axon with a series of pulses of increasing (or varying) intensity to find the threshold above which a single action potential is generated, introducing an additional scaling factor that is varied until a response is detected. The final threshold current is the product of the static current from the initial EM field I, the modulating pulse a(t), and the titration factor T: I T (t) = I * T * a(t). The fact that electrostatic equations are linearly separable into linear temporal components and nonlinear spatial components make the titration approach valid and suitable for the determination of axons' activation thresholds. We used the spatially extended nonlinear node (SENN) [28, 29] model for transmembrane mechanisms to simulate the time-response of an axonal membrane to external injected currents.
Numerical model
The system under investigation consisted of a realistic high-resolution model of a human ear (spatial resolution 3 mm), three electrodes, and a spatial model of major blood vessels and nerves. Locations of the electrodes are based on positions used in clinical practice and on the innervation of the auricular branch of the vagus nerve given in [5] . One electrode is considered as a reference (zero potential), while the two other electrodes are considered as stimulating electrodes. Figure 1a shows a schematic overview of the numerical model. The conductivity of the vessels was set to 0.7 S/m [25] and the ear conductivity to 0.2 S/m based on a recent work of Santis et al. [30] . The boundary settings of the electrodes were set using Dirichlet conditions with a constant potential. Figure 1b shows locations of the vessels, while Fig. 1c shows locations and shapes of the nerves (N) and axons (A) inside the ear model. Nerve 1 (N1), nerve 2 (N2), and nerve 4 (N4) are branching nerves, while axon 3 (A3) and axon 5 (A5) are non-branching single axons. Locations of the vessels and nerves/axons are based on the vascularization of the auricle and the nerve supply of the human auricle studied in [5, 31, 32] . In fact, distribution of nerves and vessels in the auricle is highly individual; thus, a typical distribution was selected. Threshold for depolarization, temperature, initial potential, axon diameter, and the nodal gap was set to 80 mV, 34 °C, −70 mV, 10 μm, and 2.5 μm, respectively [33] . The axon diameter at node d and the internodal distance L are related to the fiber diameter D by the following formulae [28] : d = 0.7D and L = 100D. Simulations were carried out with realistic stimulation pulses [4] . Nerves were stimulated by two types of pulses: anodic and cathodic single cycle mono-phasic (amplitude = 1 V, duration 1 ms) and biphasic (amplitude = ±1 V, duration 1 ms) pulses (Fig. 2) .
For axon population simulations, 20 axons were defined from a rectangular seed region to form N1, N2, and N4; approximately 0.3 × 0.3 mm in size to generate a dense population of 60 axons in total (see Fig. 1d ). This number of axons is based on the work of Safi et al. [34] who counted the numbers of thick myelinated Aβ-axons in the auricular branch of the vagus nerve. Vessels and nerves are just below the epidermis layer of the skin. The epidermis thickness is about 74.9 μm at the thinnest parts of the body (ear's skin, eyelids) [35] . We then used a depth of 0.07 mm for the nerves/vessels inside the ear. Point sensors for depolarization were placed each 1 mm for all the nerves/axons with respect to the used internodal distance of 1 mm.
Effect of the electrodes' position and depth on the percentage of activated axons
To investigate the effect of the needle penetration depth on the percentage of activated axons, we changed the needle penetration depth of electrode 1 (E1) and electrode 2 (E2) inside the ear from 1.5 to 0.8 mm in steps of 0.1 mm (see Fig. 3 ). The lateral position of the electrodes was also changed from the original position by ±0.1 mm in the y and z directions, with a maximum of (±0.1, ±0.1) mm.
Here the needle penetration was kept at the maximum value, i.e., the insulation layer was always in contact with the ear. Figure 4 shows the electric field distribution. The E-field is directed from the reference electrode (at 0 V) to the cathodic electrode (E1 at −1 V) with maximum values near the electrodes and is penetrating inside the ear, vessels and nerves. Figure 5 shows the spatial distribution of E-field and its first derivative along N1, N2, and N4 (the activated nerves). The horizontal axis indicates the longitudinal distance along the nerve's branch triggering the first action potential. This figure applies to a cathodic mono-polar stimulus electrode (E1 for N1, E2 for N2 and N4). For the anodic mono-polar electrode stimulus, the diagram in Fig. 5 would be flipped about the horizontal axis. Table 1 lists the required pulse amplitude to activate the nerves/axons as a function of the stimulation pattern. The voltage for each nerve/axon is related to the anodic mono-phasic voltage. For an amplitude of 1 V, N1, N2, and N4 will be activated (generation and propagation of the action potential, threshold in Table 1 <1 V), while A3 and A5 require amplitudes of 14 and 3.5 V, to be activated, respectively. Table 1 also shows that cathodic stimulation (indicated by a minus sign) requires in general less amplitude compared to the anodic stimulation for N1 and N2 (cathodic mono-phasic pulse requires −34 and −50% amplitude than the anodic mono-phasic for N1 and N2, respectively), while the anodic mono-phasic pulse is the pulse requiring the least amplitude for N4. Biphasic pulses tend to require less amplitude to activate the nerves compared to the mono-phasic pulses. Branching nerves (N1, N2, and N4) are considered activated when a single axon of the nerve is activated and the generated action potential is propagated Fig. 5 a Spatial distribution of E-field and its first derivative along N1, N2, and N4 (the activated nerves). The first derivative was normalized to the maximum absolute value of the N4' first derivative to all the branches of the nerves (measured by extracting action potential and titration factor in all the nodes of the nerve's branches) [33] . Figure 1d shows an illustrative example of axon activation of N1 generated by an anodic mono-phasic pulse (amplitude = 1 V, period = 1 ms), activating 70% of the axons for the anodic mono-phasic pulse. Stimulation with a biphasic pulse (amplitude = 1 V, period = 1 ms) results in a 100% axon activation in N1. Results also show that 9% higher amplitude is required for the anodic mono-phasic pulse to obtain 100% axon population activation of N1 than for the biphasic pulse.
Results
Electric field distribution
Stimulation thresholds for different stimulation patterns
Map of percentage of stimulated axons
The axon population of N4 was 100% activated for both stimulating pulses. 95 and 100% axons of N2 were activated when stimulated by the anodic mono-phasic and the anodic biphasic pulses, respectively. Results also show that 2% more amplitude is needed for the anodic mono-phasic pulse to obtain 100% axon population activation of N2.
The axon population of N1 needs slightly higher amplitudes to be 100% activated due to the high sensitivity of the percentage of stimulated axons to the electrode position, which will be detailed in Sect. 3.4.
Effect of the electrode depth on the percentage
of stimulated axons Figure 6 shows the percentage of the activated axons and the value needed to obtain 100% activation for axon population in N1, N2, and N4 as a function of the electrode depth (d) from 1.5 to 0.8 mm for anodic mono-phasic and biphasic pulses. The voltage for each nerve is related to the value at 1.5 mm (initial depth of the electrode) for each nerve. First observations highlight that the axon population of N4 is the most activated among the three sets of nerves, and the biphasic pulses require less amplitude to activate the Biphasic+ +8%
Mono-phasic− +20%
Biphasic− −2% axon population. These observations are in coherence with results for single axons.
The axon population of N1 was the most sensitive to the electrode depth (maximum sensitivity of 9.81% per 0.1 mm for the 0.8 mm depth in Fig. 6 ). Results also show that 0% axon activation is obtained for depths less than 1 mm for all the nerves and all the pulses.
Effect of the electrode position on the percentage
of stimulated axons Figure 7 shows the percentage of the activated axons and the value needed to obtain 100% activation for the axon population of N1 as a function of the electrode 1 displacement with ±0.1 mm in the y and z directions (y, z), as shown in Fig. 3 for some displacements.
Results show that the percentage of activated axons is sensitive to the position of the electrode with a maximum sensitivity of 15.5% for each 0.1 mm [positions: (−0.1, 0.1) and (0.1, 0.1)]. We also remark that some positions provide a higher percentage of activated axons than the original position [(−0.1, −0.1), (0, −0.1), and (0.1, −0.1), Fig. 3 ].
Discussion
A realistic numerical model of the pVNS, for the first time, has been developed and investigated. Electric field distribution shows that higher electric field values appear near the needle, which is due to the point effect on the needle. Results show that A3 and A5 were not activated for the amplitude of 1 V. These axons are on the back of the ear and thus less exposed to the electric field generated by the electrodes positioned in the front of the ear. Stimulation was most effective using cathodic pulses than anodic pulses for N1 and N2, while the inverse is true for N4. To be able to excite an axon, the membrane should be adequately depolarized. Maximum depolarization occurs where the spatial gradient of the E-field is maximally positive [33] . The spatial gradient of the internal E-field reaches higher maximum values for the cathodic stimulation compared to the anodic stimulation for N1 and N2 (cathodic: ≈0.2 of the maximum absolute value of the N4' first derivative for N1 and N2. Anodic: 0.16 and 0.1 of the maximum absolute value of the N4' first derivative for N1 and N2, respectively), and the inverse is true for the N4 (0.74 and 1 for cathodic and anodic, respectively). This difference between anodic and cathodic stimulation is less important for the biphasic pulses. Concerning the most effective stimulation pattern, the biphasic pulses tend to require less amplitude to activate the nerves/axons compared to the mono-phasic pulses. This can be explained by the fact that the biphasic pulses combine anodic and cathodic mono-phasic pulses; thus, there is an additional chance for stimulation at the phase reversal, especially with pulse durations longer than 0.5 ms. Results of Table 1 show also that the stimulation thresholds for the biphasic pulses are almost equal to the lowest threshold of the anodic and the cathodic mono-phasic pulses for each nerve/axon [33] .
N1 requires the least amplitude for the anodic pulses, while N2 requires the least amplitude for the cathodic pulses (N1: 0.77 and 0.51 V for anodic and cathodic monophasic pulse, respectively. N2: 0.88 and 0.44 V for anodic and cathodic mono-phasic pulse, respectively, Table 1 ). This is shown in Fig. 5b where the first derivative of E-field has a slightly higher maximum positive value for N2 compared to N1 for the cathodic stimulation (2.22% higher for N2 compared to N1), and higher maximum positive value for N1 compared to N2 for the anodic stimulation.
N4 requires the least amplitude for the stimulation among all the nerves, which is explained by the highest value of the maximum positive value of the first derivative of E-field for the anodic stimulation (maximum first derivative of E-field for N4 is five times higher than those of N1 and N2 in Fig. 5b) .
The axon population of N1 was the most sensitive to the electrode depth with no axon activation registered for needle depths less than 1 mm for all the pulses (Figs. 6,  7 ). This is due to the weak inner electric field, in case that the needle does not penetrate the ear to a sufficient extent. This percentage can be changed to 100% if we increase the initial amplitude by 68.7% at least (1.84 V). Results show the importance of the electrode penetration depth for nerve/axon activation. At least 1 mm penetration depth should be kept to ensure complete nerve activation with a value of 1.6 V pulse amplitude.
Some electrode positions provide a higher percentage of activated axons than the original position, which can be used to further decrease the pulse amplitude (Fig. 7) . At these positions, the electrode needles are slightly closer to the axon population, exposing the axons to higher values of electric field. Sensitivity results show that the stimulation thresholds and the percentage of activated axons are sensitive to the electrodes' position. Taking into account the specificity of each patient's nerves and ear anatomy, special attention should be paid to the placement of the electrodes for each specific patient.
The feasibility and plausibility of the given model and tools are demonstrated. However, the robustness of the model has to be checked in future works. Results of simulations provide an impression in the field distribution and thus stress the necessary accuracy while placing electrodes. The model may explain physiological findings in regions known to be innervated by more than one nerve. Furthermore, the model may allow personalization of stimulation when supported by experimental and clinical data. As the physiology of each patient is different to a degree, a typical distribution of the nerves and vessels was selected. The proposed work does not consider the effect of connection between the axons; all the axons in the model are considered separately. Electrode interface effects were not modeled in this study, and we used constant voltage simulation. Initially, voltages applied to an electrode will result in nerves being exposed to EM fields based on the configuration of the electrode voltage. The nerves will sense an electric potential distribution that can be derived from the E-field. By applying an external modulating pulse, the external potential sensed by the nerve will then be modulated and scaled by the desired pulse (mono-phasic, biphasic). These limitations could lead to some remnant errors. Nevertheless, it is possible to gain useful information for the necessity of accuracy when placing electrodes by evaluating simple nerve structures.
Conclusion
A realistic numerical model for pVNS application at the human auricle including vessels and nerves was developed. The numerical model was used to investigate the percentage of the activated axons with respect to stimulation waveform, electrode depth, and electrode position. Results show that a cathodic biphasic pulse, besides being charge balanced, is the pulse requiring the least amplitude to activate the nerves. Results also show quantitative sensitivity of the stimulation thresholds to the electrodes' position and depth, which can affect the important specificity of pVNS. Thus, special attention should be paid to the placement of the electrodes for each specific patient. The proposed model does not consider any network between the nerves and relies on the SENN model for transmembrane mechanisms and axon activation. Future works will further evaluate the model to investigate additional stimulation patterns (triphasic pulses, pulses with equal energy) and burst stimulation as well as the robustness of the model. Experimental pVNS validation of the setups from numerical modeling and mutual optimization of the model and the experimental setup will also be performed using clinical studies.
